ABSTRACT: Two species of filamentous fungi, AspergiUus ustus (Bain.) Thom & Church and Graphium sp., were isolated from calcareous animal shells at depths of 860 m in the Arabian Sea and 965 m in the Bay of Bengal. Laboratory experiments showed germination of conidia, growth of hyphae and microconidiation in both the fungi at 100 bar pressure at 10 and 30°C suggesting barotolerance The fungi also secreted barotolerant protease under these conditions. Protease synthesised and secreted in cultures grown at 1 bar was also active under 100 bar pressure at 10 and 30°C. At 1O0C, the fungi showed better conidial germination, growth and protease secretion when subjected to 100 bar than when grown at 1 atmosphere. The results indicate barotolerance of terrestrial species of fungl and suggest that they might be active under deep-sea conditions.
INTRODUCTION
Investigations on the occurrence and role of fungi in deep-sea sediments have received very little attention. Borings of calcareous animal shells in the deep sea, putatively by fungi, have been reported, but the fungi involved in this process have not been cultured (Rooney & Perkins 1972 , Zeff & Perkins 1979 . Two types of fungi, the obligate and facultative marine fungi, occur in the marine environment (Kohlmeyer & Kohlmeyer 1979) . The former grow and con~plete their life cycle only in the sea, whereas the 'facultative' ones are terrestrial or freshwater aquatic fungi which may also grow and reproduce in the marine environment. Five species of apparently indigenous deep-sea fungi in association with woody material have been reported (Kohlmeyer 1969) . Terrestrial species of fungi (geofungi) have been isolated from the water column and sea floor at depths exceeding 500 m (Meyers & Reynolds 1960 , Roth et al. 1964 , Hoehnk 1969 , Poulicek 1983 . Do such fungi qualify as 'facultative marine fungi' by growing and multiplying in this environment, or do they merely exist as dormant spores that have been carried from land? One way of addressing this problem is to examine the barotolerance of such fungi under laboratory conditions. Earlier, we demonstrated spore germination and calcium carbonate dissolution by a shell-boring geofungus under simulated deep-sea conditions (Raghukumar et al. 1992 ). Lorenz & Molitoris (1992) reported barotolerance in several yeasts. We further report here growth of 2 such fungi isolated from the deep sea and synthesis and activity of their proteases under elevated hydrostatic pressure and low temperature.
MATERIALS AND METHODS
Isolation of fungi. Deep-sea sedirnents from the Bay of Bengal (19" N, 86" 06'E, 860 m depth) and the Arabian Sea ( l l O N , 72"E, 965 m) were collected during cruises #4 of DSV 'Nand Rachit' and #l26 of FORV 'Sagar Sampada', respectively, using a Van Veen grab. Fungal isolations were carried out immediately in the laboratory on board. Partially degraded calcareous animal shells of about 10 mm size were sorted out from the sediments by sieving. The shell pieces were washed thoroughly with a jet of sea water and surface sterilised using 0.5 % sodium hypochlorite solution for 3 min followed by 3 rinses with sterilised sea water (Newell & Fell 1982) . The shell pieces were incubated in a liquid medium containing l % yeast extract, 1 % peptone, 50 mg streptomycin and 10 000 units of penicillin G in sea water (2 or 3 pieces/5ml brothhube). Antibiotics were incorporated in the isolation medium to inhibit bacterial growth. Parallel to this, surface sterilised shell pieces were homogenised in a sterile pestle and mortar covered with a sterile plastic bag. Aliquots of 0.1 m1 sample were plated on cornmeal agar medium. Five replicates were maintained for each isolation. The whole operation was carried, out in an inoculation chamber on board ship. Aerial contamination was checked by exposing Petri dishes with various media for 3 min in the working area and in the air over the open waters. A part of the sample was preserved in 3% formalin solution in sea water and stored at 5OC in a refrigerator for direct detection of fungal hyphae.
After 15 to 20 d of incubation, shell pieces showing fungal growth were transferred to lllali extract agar medium (MEA), Czapek-Dox agar (CDA) or potato dextrose agar (PDA) plates and the fungi were identified using standard taxonomic keys. The cultures were maintained on CDA or PDA slants. Aspergillus ustus (Bain.) Thom & Church and Graphium sp. were the most commonly isolated fungi from the Bay of Bengal and the Arabian Sea respectively and were used in the present study.
Growth under elevated hydrostatic pressures. Effects of hydrostatic pressure and low temperature on (1) germination of conidia, (2) growth of germinated conidia, and (3) mycelial growth of the 2 test fungi were examined. The starter inoculum material for these tests was obtained by the following methods respectively.
(1) Conidial suspensions of the fungi were obtained by flooding the fungal colony growing on so11.d media (either CDA or PDA) with sterile sea water and decanted into a sterile flask containing sterile glass beads. The flasks were shaken on a wrist action shaker for 30 min to obtain a homogeneous suspension of conidia. (2) Conidia were germinated for 8 h in t % glucose solution at 1 bar pressure, centrifuged and collected in sterile sea water. (3) Fungal cultures growing in liquid medium (CD broth) were used for preparing mycelial suspensions. After decanting the culture fluid fiom 3 d old cu!:ures, thc mycelia were homogenised with sterilised glass beads in sterile sea water.
Using glass spreaders, 0.1 m1 aliquots of ( l ) , (2) and (3) were spread on a thin layer of (2 to 3 mm) sea water agar medium containing 1.5 % agar in plain sea water, wlthout additional nutrients. Discs of 5 mm diameter were cut from these agar plates, introduced into polypropylene syringes of 2 m1 capacity and these were filled with sterile sea water up to the brim. The syringes used for culturing were modified by sawing off the nozzles. This resulted in open ended cylinders. These were sterilised before use. These syringes were closed with sterile rubber septa at one end and after introducing the culture medium or sea water and the fungal inoculum, the other end was also closed with a septum. Care was taken to avoid trapping of air bubbles while closing the septa. The septa were further covered with parafilm for additional safety.
Germination of spores on calcareous shells in the absence of additional nutrients was examined by dipping pieces of sterilised windowpane oyster shells in a conidial suspension for 15 min. They were then transferred to sterile syringes filled with sterile sea water and subjected to pressure as described below.
The syringes with the inoculum discs/shell pieces were suspended in deep-sea culture vessels (Tsurumi & Seiki Co., Japan) filled with sterile distilled water. These were pressurised to the desired hydrostatic pressures and incubated at 30 and 10°C. Three replicate syringes, each with 5 discs/shell pieces with inoculurn, were maintained for each of the experiments.
After 7 d of incubation, the deep-sea culture vessels were decompressed gradually (at the rate of ca 50 bar/ 5 min), and the discs with inocula were immersed immediately in lactophenol-cotton blue stain and used for germination counts, measurements of mycelial lengths and photomicrography. Germination counts were made from 25 to 30 microscopic fields, each containing ca 20 to 30 conidia or mycelial pieces.
Estimation of fungal biomass under elevated hydrostatic pressure. Syringes containing liquid medium (CD broth prepared with 1 % glucose) were inoculated with 0.1 m1 of mycelial suspension of test fungi, closed with rubber septa at both ends and suspended in pressure vessels. These were set to desired pressures and incubated. After 7 d, triplicate cultures were vacuum filtered through tarred, preweighed Whatman GF/C filter papers, rinsed with 50 m1 of distilled water, dried to a constant weight and the cell mass was calculated by difference in weight of the initial inoculum and the final biomass.
Direct detection of fungal hyphae in shells. Direct detection of fungal hyphae within the formalinpreserved calcium carbonate shells was carried out immediately at the end of th.e cruise (30 d) using the following methods.
(1) Small shell pieces (ca 3 mm diameter) were put into acid-washed clean centrifuge tubes and filter sterilised solution of 5 % EDTA was added. After dissolution of the shells, the contents of the tube were filtered over a 0.8 pm black polycarbona.te nucleopore ftlter, rinsed with filter sterilised sea water and stained with 0.01% Calcofluor solution (Sigma Chemicals, St. Louis, MO, USA). The filters were examined under an Olympus BHF epifluorescence microscope usl.ng blue-light excitation to detect fungal hyphae (Mueller & Sengbusch 1983) .
(2) Shell pieces were mounted in a drop of 0.3 N HC1 containing Trypan blue stain and the slides were left overnight in moist chambers (Petri plates lined with moistened filter paper). After placing a cover glass on each slide, the partially decalcified shells were examined under a light microscope to detect fungal hyphae.
Effect of pressure on synthesis and activity of protease. Mycelial suspensions of test fungi were inoculated into CD broth with 170 casein as nitrogen source and 1 % glucose as the carbon source at pH 7.0. After incubation for 7 d at desired hydrostatic pressures, the supernatants were collected after centrifugation at l0000 rpm (7900 X g ) for l 0 min at 4°C. Protease activity in the supernatants was measured by the amount of tyrosine released from 1 % casein substrate prepared in 0.1 M phosphate buffer (pH 7.0) at 35°C by the following procedure. After incubating equal volumes of substrate and supernatant culture filtrate for 60 min, an equal volume of 5 % trichloroacetic acid (TCA) was added to the reaction mixture. After further incubation for 1 h, the mixture was centrifuged and the amount of tyrosine in the clear supernatant was measured using Folin phenol reagent (Takami et al. 1990 ). One unit of activity was defined as the release of 1 pm01 tyrosine from casein min-'. Activity was calculated as the difference between initial and final amounts of tyrosine released in the reaction mixture.
Effect of elevated hydrostatic pressure on protease activity was determined using Eppendorf tubes. The lids of the tubes were snapped off and sealed with parafilm after adding the reaction mixture. Care was taken to avoid trapping of air bubbles while sealing. The tubes were suspended in deep-sea culture vessels pressurised to the desired pressure and incubated at 30 and 10°C for 60 min. At the end of the incubation period, the vessels were depressurised and without any delay the enzyme activity was arrested by adding TCA. Protease activity was measured as described above.
RESULTS
Calcareous shells sorted out from deep-sea sediment samples appeared brown to black in color. After partial decalcification with EDTA, these shells appeared extensively bored with filamentous structures. Some of the shell pieces were also extremely transparent and infiltrated with borings by endolithic filamentous forms (Fig. 1) . Sac-like structures with radiating branching tunnels were often found to be present in these shells (Figs. 2, 3 & 4) . On decalcification, filamentous structures were observed. Some of these shells showing such boring tunnels on decalcification revealed septate, branched filaments. Under an epifluorescence microscope, using a green excitation filter, they revealed no autofluorescence characteristic of photosynthetic organisms. Such filaments could also be clearly observed after staining with Trypan blue (Figs. 5 & 6) . Further, they fluoresced blue with calcofluor as is typical of fungl (Figs. 7 & 8) .
Nonsporulating mycella were observed to grow out of shell pieces after 15 to 20 d of incubation in liquid medium. These sporulated when transferred onto agar plates. The most frequently isolated fungus from the Bay of Bengal was Aspergillus ustus (16 colonies out of a total of 40 colonies of fungi isolated) and that from the Arabian Sea was Graphium sp. (6 colonies out of a total of 10 colonies isolated).
Conidial germination of both the test fungi on plain sea water agar occurred at 100 and 200 bar hydrostatic pressures (Tables 1 & 2, Figs. 9-12). At 1O0C, percentage germination was higher at 100 bar pressure than at 1 bar (Tables 1 & 2) in both the test fungi. The germ tubes and spores of Aspergillus ustus appeared unusually enlarged when grown under pressure at 30°C (Fig. 10) . At 10°C such enlargement was not common. There were no such distinct morphological changes under pressure in Graphium sp. (Figs. 11 & 12) . The endolithic fungus observed on decalcifications of shell obtained from deep-sea sediment showed similar beaded structures (Figs. 7 & 8) . Mycelial growth and further growth of germinated conidia also occurred under 100 bar pressure on plain sea water agar at both 10 and 30°C (Fig. 13) . Both the test fungi showed microcyclic conidiation when grown under 100 bar pressure at 10°C but not at 30°C (Fig. 14) . The Hulle cells of A. ustus germinated on shells under 100 bar pressure (Fig. 15) . These cells were never observed to germinate at 1 bar pressure. Conidia of both the fungi germinated on shells in the absence of any additional nutrients at 10 and 30°C at 100 bar pressure (Fig. 16) . Conidial germination was observed in plain sea water and in '4 dilute malt extract broth also.
At 30°C the biomass of both the fungi in 1 % glucose medium at 100 bar was much lower than that at 1 bar pressure. However, at 1O0C, the difference in growth between l and 100 bar was negligible in Aspergillus ustus (Fig. 17, Table 3) . Similarly, the difference in growth under 100 bar pressure at 10 and 30°C was not significant in A. ustus (Table 3 ). The F-value for the temperature dependent response of growth to pressure was highly significant in Graphium sp. (Table 3 ).
In general, growth was much lower at higher hydrostatic pressures and lower temperatures in both the test fungi.
Synthesis of protease was evident a t 100 bar pressure in both the test fungi at 30 as well as 10°C (Fig. 18) . On the whole, protease secretion in both the fungi was low at 100 bar (Fig. 18) . The differences among various treatments were highly significant in both the f.ungi (Table 4) . Although total activity was always much lower in cultures grown at 10°C (Fig. 18) , when enzyme units were expressed per unit fungal biomass, in Aspergillus ustus the secretion of protease at 10°C was equal to that at 30°C under 1 bar or 100 bar pressure (Fig. 19 ). This fungus also secreted higher amount of protease per unit dry weight under 100 bar pressure than under 1 bar pressure (Fig. 19) . In Graphiurn sp., lower temperature elicited higher secretion of protease per unit dry weight at both 1 and 100 bar pressures. Protease synthesised in cultures grown at 1 bar/ 30°C showed much less activity at 10°C. However, the same enzyme was much more active at 10°C when subjected to 100 bar pressure (Fig. 20) . The l-way ANOVA results revealed very highly significant differences among all the treatments in the 2 test fungi (Table 5 ) .
DISCUSSION
Shell pieces with highly eroded margins and extremely fragile carbonate fragments similar to those observed by us have been reported earlier at depths up to 758 m from Carolina (USA) shelf sediments (Perkins & Halsey 1971) . Extensive fungal borings of calcium carbonate sediments have also been described from 210 to 1450 m in Bahamian waters (Zeff & Perkins 1979) . Destruction of deep-sea mussel shell by microorganisms having networking filaments broadly resembling chytrids and other fungi has been reported 
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Aspergiflus ustus. Conidium germinated under 1 bar pressure. Scale bar = 10 pm. Fig. 10 . Aspergillus ustus. Conidia germinated under 100 bar pressure. Scale bar = 10 pm. Fig. 11 Graphium sp. Conidia germinated under 100 bar pressure. Scale bar = 10 pm. Fig. 12 . Graphium sp. Conidia germinated under 1 bar pressure. Scale bar = 10 pm by Hook & Golubic (1993) . Sac-like cavities with cenendolithic fungi in deep-sea carbonate fragments. trally radiating filaments as observed in our samples These endolithic fungi are geologically important as have been reported in deep-sea mussel shells (Hook & producers of carbonate detritus in the deep sea Golubic 1993). Zeff & Perkins (1979) have illustrated (Tudhope & Risk 1985) . However, these boring endothe presence of various morphologically different lithic fungi have not been cultured or identified. The area sampled by us, namely the continental shelf of the Arabian Sea around the Lakshadweep Islands and the Bay of Bengal, is known to be inhabited by bivalves (Ingole et al. 1972 , Ansari et al. 1977 ). In the Bay of Bengal at a depth of 1000 m, >l000 molluscs m-' have been reported (Ansari et al. 1977) . Therefore, the calcareous shells examined by us appear to be autochthonous. However, the shell pieces were very fragile and too minute to be identified.
Deep-sea conditions appear to induce morphological changes in germinating conidia and mycelia. Both Aspergillus ustus and Graphium sp. displayed similar morphological changes when grown under pressure (Figs. 9-14) . Swollen hyphae and conidia with thicker walls as observed by us have also been reported in a deep-sea yeast isolate and A. niger by Lorenz (1993) .
Spherical cells might be an adaptation by these fungi (Saxena et al. 1992) . In microcyclic conidiation, immediate conidiation occurs following conidial germination without an intervening phase of prolonged vegetative mycelium. Microconidiation is reported to occur under nutrient-limiting conditions (see Saxena et al. 1992 ) and might help the fungi to complete their life cycles in a shorter time. Germination of conidia and growth of mycelium in the 2 species of terrestrial fungi under hydrostatic pressures of 100 and 200 bar, albeit lower than that at 1 bar, indicate their capability to withstand deep-sea high pressure conditions. Germination of spores of both the test fungi on discs of plain agar in sea water medium and on shell pieces suspended in sea water indicates adaptation of these 2 geofungi to deep-sea oligotrophic conditions. We have shown earlier that conidia of A. ustus (reported as A. restrictus earlier) germinated on plain calcium carbonate shells at 300 bar (Raghukumar et al. 1992) . Calcareous shells have an organic matrix of conchyolin, a horny protein which is known to be used by endolithic fungi as a nutrient source (Alderman 1976) . In light of this, synthesis and activity of protease under pressure and at low temperature are of great significance to these endolithic deep-sea fungi for survival.
These fungi appear to tolerate lower temperature better when subjected to elevated hydrostatic pressure. This was evident from increased growth, germination of conidia and synthesis and activity of protease at 10°C under 100 bar pressure when compared to 10°C at l bar pressure (see Tables 1 & 2 , . However, on the whole, germination of conidia, growth and production of protease were higher under 30°C/100 bar than under 1O0C/100 bar combinations in both the test fungi. Although the former is not a common natural environmental condition in the deep sea, it might be expected to occur in the vicinity of hydrothermal vents. The existence and role of endolithic fungi in deep-sea calcium carbonate shells at elevated temperatures would be worth investigating.
Reduced growth and low metabolic rates under deep-sea conditions are well reported in bacteria (Wirsen & Jannasch 1975) . In this context, reduced growth and low enzyme activity under pressure by the 2 test fungi is to be expected. However, reduced activity of protease from cultures grown at 30°C/1 bar under 100 bar pressure might be due to a change in affinity of enzyme to substrate supposed to be brought about by changes in tertiary or quaternary structure of enzymes under pressure (Landau & Pope 1980) . Reduction of malate dehydrogenase activity in response to elevated pressure in a marine bacterium grown under 1 bar pressure has been demonstrated (Mohankumar & Berger 1972) . Extracellular chitinases of bacterial strains from the Antarctic Ocean showed high barotolerance (Helmke & Weyland 1986 ). Further, these authors reported that low temperatures reduced the chitinase activity but not barotolerance. Such detailed studies are totally lacking for filamentous fungi.
Several culturable fungi such as Cladosporium spp., Alternaria spp., Aspergillus sydowi, Nigrospora spp., and Penicilliun~ solitum from deep-sea water samples (below 500 m depth) have been reported from different geographical locations (Roth et al. 1964 , Raghukumar et al. 1992 ). However, these are not obligate marine fungi, in the sense that they are not exclusive to the marine environment, and are common terrestrial species and, therefore, a controversy has persisted about their existence and role in the marine environment (Kohlmeyer & Kohlmeyer 1979) . Nevertheless, several instances of active involvement of geofungi in marine processes, particularly associated with calcium carbonate shells, have been reported in recent times. Kendrick et al. (1982) reported several terrestrial fungi associated with live corals and have suggested their role as possible bioeroders. The existence of fungi as opportunistic pathogens in corals under environmental stress has been suggested by Le Campion-Alsumard et al. (1995) . A terrestrial fungus, Aspergillus fumigatus, was reported as the putative fungal pathogen of seafan, causing mass mortalities in the Caribbean (Smith et al. 1996) . Similarly, we have reported yet another geofungus, Scolecobasidium sp., associated with necrotic patches in massive corals in the Andaman Islands in the Bay of Bengal (Raghukumar & Raghukumar 1991) . Scolecobasidium sp. and Ochroconis hun~icola were also reported as fish pathogens (Ross & Yasutake 1973 , Schaumann & Priebe 1994 . A species of Acremonium was reported as a fungal pathogen of the marine filamentous green alga Cladophora sp. (Bott & Rogenmuser 1980) . The association and potential role of geofungi in coastal marine plant litter system are well known (Cundell et al. 1979 , Fell & Newell 1981 , Cuomo et al. 1985 ). Our present study lends further credence to the view that terrestrial fungi do occur in the marine environment and play an active role under these conditions. Such fungi would correspond to 'facultative marine fungi', as defined by Kohlmeyer & Kohlmeyer (1979) .
Not all terrestrial or marine fungi are capable of barotolerance. Our earlier studies showed that spores of Aspergillus niger, a terrestrial fungus isolated from calcareous shells from sandy beaches, did not germinate under 100 and 200 bar pressure (Raghukumar et al. 1992 ). An isolate of A. niger tested by Lorenz (1993) showed extremely stunted growth at 200 bar. Kriss & Zaichkin (in Lorenz 1993) showed that germination of spores of several terrestrial fungal isolates was completely inhibited at 300 bar. Two shallow-water nlarine fungi, Dendryphiella salina and Asterornyces cruciatus, showed no growth above 100 bar pressure (Lorenz 1993) . The ability of some species to grow over a wide range of pressures will enhance their role in remineralisation process in the deep sea and influence geochemical cycles in the oceans (Turley & Carstens 1991) .
The areas sampled by us were about 300 km from the coast. Spores and hyphal fragments of terrestrial fungi may yet deposited in deep-sea sediments in close proximity to the coast through terrestrial runoff, sedimentation, currents and air blown from the land. Saprobic fungi are known for their wide variety of physiological and genetic adaptations (Wainwright 1988) and it could be expected that at least some 'geofungi' have acquired barotolerance sufficient enough to play a n active role in deep-sea sediments. Germination of spores, growth of mycelium and enzyme production under simulated deep-sea conditions by the 2 experimental fungi indicate their active involvement in marine habitats.
T~~r l e y (1993) showed a diminishment of activities of surface m~crobes attached to sinklng particles with depth and concluded that only resident benthic microbes play a major role in deep-sea processes. Our results indicate that at least some terrestrial fungi cou!d have acql~ired a 'resident status' in deep-sea sediments and could be involved in dissolution of calcium carbonate and remineralisation of organic matter. Further proof in the form of immunofluorescence or molecular probes for detection of such fungi In situ is required to conflrm this.
